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Temperature square dependence of the low frequency 1/f charge noise in the
Josephson junction qubits
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To verify the hypothesis about the common origin of the low frequency 1/f noise and the quantum
f noise recently measured in the Josephson charge qubits, we study temperature dependence of the
1/f noise and decay of coherent oscillations. T 2 dependence of the 1/f noise is experimentally
demonstrated, which supports the hypothesis. We also show that dephasing in the Josephson
charge qubits off the electrostatic energy degeneracy point is consistently explained by the same low
frequency 1/f noise that is observed in the transport measurements.
PACS numbers: 03.67.-a, 74.50.+r, 85.25.Cp
Due to potential scalability, Josephson quantum bits
are good candidates for building quantum computers
[1]. To have a long decoherence time, the qubits should
be well decoupled from all noise sources, in particu-
lar, charge noise from uncontrollable charge fluctua-
tions. Therefore, the noise and decoherence in the
qubits are now the key issue of the qubit research. Al-
though the noise has been studied in a number of works
[2, 3, 4, 5, 6, 7], its nature is still not yet understood.
The low frequency noise in metallic single electron
transistors (SETs) has been studied intensively a while
ago [8, 9, 10]. It has been found that the noise is pro-
duced by charge fluctuators and its spectral density is
close to 1/f . Recently, it has been shown that the low
frequency charge noise gives the main contribution to de-
phasing of coherent oscillations in the Josephson charge
qubits [3, 4]. The high frequency quantum noise of the
environment has been investigated in Ref. [2] by using
a qubit as a quantum spectrometer. The qubit relax-
ation is caused by the asymmetric quantum noise with
a non-monotonic spectrum, which tends to have a linear
frequency dependence (f -noise) in a wide energy range
(from 2 to 100 GHz×h) like in the case of a simple
ohmic environment. The quantum noise originates from
absorption of the energy of excited qubits by the cold
environment and, therefore, should be nearly tempera-
ture independent in the range of qubit energies higher
than kBT . Surprisingly, it turned out that the ampli-
tude of the f quantum noise crosses the low frequency
1/f noise extrapolated to the gigahertz range at a fre-
quency ωc ∼ kBT/~, which implies that both noises may
have a common origin. Furthermore, if one assumes that
the crossover frequency ωc scales linearly with temper-
ature then the strength of the 1/f charge noise should
be proportional to temperature square (T 2 dependence)
[2]. Although T 2 dependence has been observed in the
critical current noise of the Josephson junction [11], and
∗Electronic address: astf@frl.cl.nec.co.jp
†On leave from Lebedev Physical Institute, Moscow 117924, Russia
maybe related to charge fluctuations in the junction, the
dependence appears to be unexpected in the charge noise
measurements as it contradicts to the linear temperature
dependence of the 1/f noise in glasses [12, 13]. There-
fore, the T 2 dependence in the charge 1/f noise has to be
experimentally confirmed. In addition, temperature de-
pendence gives important information on the density of
states of the fluctuators and will help to verify theoreti-
cal models of the 1/f noise intensively studied recently in
Refs. [14, 15, 16, 17, 18]. Some of these works are based
on the prediction of the T 2 dependence reported in Ref.
[2]. Unfortunately, temperature dependence of the 1/f
noise in SETs has not been studied in details in earlier
works. It was found that the noise increases with temper-
ature and saturates in the low temperature range [19, 20].
In Ref. [20], the quadratic temperature dependence was
expected but has not been actually demonstrated.
In this work, we study temperature dependence of the
1/f noise in the Josephson charge qubits by measuring
dc transport in the SET regime. We have found that the
noise exhibits T 2-dependence at temperatures from 200
mK up to ∼ 1 K. We also study the effect of temperature
on dephasing of the qubit during coherent oscillations.
Decay of the coherent oscillations away from the degener-
acy point of electrostatic energy is consistently explained
by dephasing due to the low frequency 1/f charge noise.
We also briefly discuss phenomenological models of T 2
dependences from the experimental point of view.
To study temperature dependence we fabricate qubits
with the same geometry and junction properties as the
qubits used in Ref. [2]. The Al structure is fabricated
on top of 400 nm thick Si3N4 insulation layer deposited
on a gold ground plane. The total capacitance of the
qubit island is about 600 aF (the charging energy is
EC = e
2/2C ≈ 30 GHz×h) and is mainly formed by
its Josephson junction. Instead of the trap island used in
[2], we fabricate an electrical lead connected to the qubit
through a small highly resistive tunnel junction with a
resistance of 10 − 50 MΩ (as it was in our earlier works
[3, 4]) to measure current through the qubit in the SET
regime.
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FIG. 1: (a) A Coulomb peak of the SET measured at temper-
atures from 50 to 900 mK with step of 50 mK. (b) Examples of
the current noise spectra SI at different temperatures mea-
sured on the slope of the SET peak. Dashed lines are the
1/f -dependence. (c) Temperature dependence of amplitudes
α1/2 of the 1/f noise spectra. The solid line is α1/2 = η1/2T
with η = (1.0× 10−2e/K)2.
We use the qubit as an SET and measure the low fre-
quency charge noise, which causes the SET peak posi-
tion fluctuations. Temperature dependence of the noise is
measured from the base temperature of 50 mK up to 900
− 1000 mK. The SET is normally biased to Vb = 4∆/e
(∼ 1 mV), where Coulomb oscillations of the quasipar-
ticle current are observed. Figure 1(a) exemplifies the
position of the SET Coulomb peak as a function of the
gate voltage at temperatures from 50 mK up to 900 mK
with an increment of 50 mK. The current noise spectral
density is measured at the gate voltage corresponding to
the slope of the SET peak (shown by the arrow), at the
maximum (on the top of the peak) and at the minimum
(in the Coulomb blockade). Normally, the noise spec-
tra in the two latter cases are frequency independent in
the measured frequency range (and usually do not exceed
the noise of the measurement setup). However, the noise
spectra taken on the slope of the peak show nearly 1/f
frequency dependence (see examples of the current noise
SI at different temperatures in Fig. 1(b)) saturating at a
higher frequencies (usually above 10 − 100 Hz depending
on the device properties) at the level of the noise of the
measurement circuit. The fact that the measured 1/f
noise on the slope is substantially higher than the noises
on the top of the peak and in the blockade regime indi-
cates that the noise comes from fluctuations of the peak
position, which can be translated into charge fluctuations
in the SET.
To obtain the 1/f charge noise spectral density
Sq(ω) =
α
ω
(1)
(defined for frequencies ω > 0) we first take the low fre-
quency part of the current noise spectral density SI(f)
and find the parameter A of the fitting curve A/f as
A = 〈SI(f)〉/〈1/f〉 [21]. Next, we transform the current
noise into the charge noise α = A/(dI/dVg)
2/(∆Vg/e)
2
using the transfer function dI/dVg on the slope of the
peak at the measurement point, where ∆Vg is the spac-
ing in gate voltage between two adjacent peaks (corre-
sponding to the change of the SET charge by e). Dimen-
sionality of α is e2 and a typical value of α is of the order
of (10−3 e)2 at T ≤ 200 mK.
Solid dots in Fig. 1(c) represent α1/2 as a function of
temperature. α1/2 saturates at temperatures below 200
mK at the level of 2 × 10−3e and exhibits nearly linear
rise at temperatures above 200 mK with α1/2 ≈ η1/2T ,
where η ≈ (1.0× 10−2e/K)2 (the solid line in Fig. 1(c)).
T 2 dependence of α is observed in many samples, though
sometimes the noise is not exactly 1/f , having a bump
from the Lorentzian spectrum of a strongly coupled low
frequency fluctuator. In such cases, switches from the
single two-level fluctuator are seen in time traces of the
current [8].
Note that at a fixed bias voltage the average cur-
rent through the SET increases with temperature (see
Fig. 1(a)). However, it has almost no effect on the noise
as we confirmed from the measurement of the current
noise dependence. Nevertheless, to avoid possible contri-
bution from the current dependent noise we adjust the
bias voltage in the next measurements so that the aver-
age current is kept nearly constant at the measurement
points for different temperatures. Fig. 2(a) shows the
temperature dependences of α1/2 for a different sample
with a similar geometry taken in the frequency range
from 0.1 Hz to 10 Hz with a bias current adjusted to
about I = 12 ± 2 pA. The straight line in the plot is
α1/2 = η1/2T , which corresponds to T 2-dependence of α
with η ≈ (1.3× 10−2e/K)2.
We study decay of coherent oscillations away from the
electrostatic energy degeneracy point at different tem-
peratures by measuring pulse induced current [1, 2, 3].
The Hamiltonian of our qubit written in the charge
basis |0〉 and |1〉 (with and without the Cooper pair
in the island) is H = ∆E
2
(σz cos θ + σx sin θ), where
θ = arctan(EJ/∆U) and ∆E =
√
∆U2 + E2J are deter-
mined by the electrostatic energy difference ∆U between
the two charge states of the qubit and the Josephson
energy EJ . The electrostatic energy ∆U is controlled by
the qubit gate voltage. Adjusting a dc gate voltage to the
point far away from the degeneracy (∆U ≫ EJ , θ ≈ 0),
where the ground state is nearly |0〉 we apply a rectan-
gular voltage pulse of length t bringing the qubit in the
vicinity of the degeneracy point (∆U is of the order or
smaller than EJ and θ ∼ π/2), that is the Hamiltonian
changes non-adiabatically to H1 for time t. The coherent
evolution can be presented as exp(− i
~
∫ t
0
H1dt)|0〉. Ap-
plying a sequence of identical pulses we detect a pulse
induced current, which is proportional to the probabil-
ity to find out the qubit in the state |1〉 after the pulse
manipulation.
The typical current oscillation as a function of t away
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FIG. 2: (a) Solid dots show temperature dependence of α1/2
with a fixed bias current (the bias voltage is adjusted to keep
the current constant). Open dots show α1/2 derived from the
measurement of qubit dephasing during coherent oscillations.
The coherent oscillations (solid line) as well as the envelope
exp(−t2/2T ∗22 ) with T
∗
2 = 180 ps (dashed line) are in the
inset. (b) Solid dots show temperature dependence of α1/2
for the SET on GaAs substrate.
from the degeneracy point (θ 6= π/2) is exemplified in
the inset of Fig. 2(a). If dephasing is induced by the
Gaussian noise, the oscillations decay as exp(−t2/2T ∗22 )
with
1
T ∗22
≈
cos2 θ
~2
(
4EC
e
)2 ∫ ∞
ω0
Sq(ω)
(
2 sin(ωt/2)
ωt
)2
dω,
(2)
where ω0 ≈ 1/τ is the low frequency integration limit
defined by the measurement time constant τ . In the case
of the 1/f Gaussian noise of Eq. (1)
T ∗2 ≈
e~
4EC
√
α ln(ω1τ) cos θ
, (3)
where ω1 ≤ π/T
∗
2 is the effective high frequency limit.
Qubit dephasing due to the non-Gaussian noise is
treated in Refs. [22, 23]. For instance, in the case of
a strongly coupled fluctuator, the decay is slower than
Gaussian. However, importantly, Eq. (2) used for fitting
the initial part of the oscillations still gives a reasonably
good agreement for estimation of the amplitude of the
1/f noise. We have analyzed time traces of the noise
and found that the noise is often close to the Gaussian,
but sometimes it is clearly not, for example, in the pres-
ence of a strongly coupled fluctuator .
The solid line in the inset of Fig. 2(a) shows decay of
coherent oscillations measured at T = 50 mK and the
dashed envelope exemplifies a Gaussian with T ∗2 = 180
ps. We derive α1/2 from Eq. (3) and plot it in Fig. 2(a)
by open dots as a function of temperature. The low fre-
quency integration limit and the high frequency cutoff
are taken to be ω0 ≈ 2π × 25 Hz and ω1 ≈ 2π × 5 GHz
for our measurement time constant τ = 0.02 s and typical
dephasing time T ∗2 ≈ 100 ps [24].
The saturation of the 1/f noise at low temperatures
has also been observed in earlier works [19, 20]. Although
its origin is not clear, we can suggest the following pos-
sible mechanisms: (1) heating of an electron system, (2)
freezing out fluctuators, so that the effective number of
active fluctuators decreases down to a few per decade (in
this case the 1/f noise saturates to the level of a single
fluctuator amplitude).
To collect more information about the 1/f noise we
perform an additional experiment studying the noise in
the SET fabricated on a different substrate. Although
the results are not conclusive and require more system-
atic study we think that it is instructive to present these
data here. Fig. 2(b) demonstrates the 1/f noise tem-
perature dependence for an SET fabricated on single-
crystal GaAs. The GaAs substrate has been chosen to
reduce the number of defects (as a possible origin of
fluctuators) typical for amorphous materials like CVD
grown Si3N4 or thermal oxide on top of bare silicon.
Again, clear T 2-dependence is observed above 200 mK,
and η ≈ (0.75×10−2e/K)2 is lower but close to what was
measured in the case of Si3N4.
Below we discuss a phenomenological model explain-
ing the properties of the noise. Our qubit is coupled to
charge dipoles ed in the insulator, which, in turn, induce
a charge δq in the qubit island (the fluctuators at dis-
tances smaller than the characteristic size of the island
R produce δq ∼ ed/R, and the matrix element of the
Cooper pair transition is at most 4ECδq). Based on the
phenomenology from Ref. [2], it has been pointed out
in Refs. [14, 16] that the T 2 dependence may originate
from two-level fluctators (characterized by bias energy
ǫ and tunneling energy ∆) and linearly distributed in ǫ
with an energy independent amplitude 〈δq〉. Summation
of the Lorentzian spectra over many fluctuators with en-
ergies ǫ below kBT gives (kBT )
2 term in the noise spec-
trum. Such linear energy distribution, for example, ap-
pears in the models treating charge fluctuations between
the superconducting island and an insulator [15, 16].
The switching rate of the thermally activated fluctua-
tors (ǫ < kT ) can be presented as γ ∼ γ0(∆/ǫ)
2, where
γ0 depends on the coupling of the fluctuators to the ex-
ternal thermal bath, and ∆ is the tunneling energy of
electrons in the fluctuators [25]. The slow fluctuators,
contributing to the low-frequency 1/f noise should have
a strong suppression factor (∆/ǫ)2 ≪ 1. On the other
hand, to efficiently absorb qubit energy, the two-level sys-
tems should have ∆ of order or larger ǫ. Note that the
two-level systems producing the 1/f noise and absorbing
the qubit energy are characterized by very different val-
ues of ∆. A commonly used assumption that two-level
4systems are distributed according to P (∆) ∝ 1/∆ gives
rise to the crossover frequency of ωc ≈ kBT/~ [14].
To show relationship of the model with experiments we
provide some numbers from experiments. The 1/f noise
in this work is studied in the temperature range from
0.05 to 1 K, which means that only fluctuators with the
activation energies lower than kBT (from 1 to 20 GHz×h)
produce the noise. Note that this thermal energy range
overlaps with the qubit energy 2 − 100 GHz×h for which
the f quantum noise has been studied in Ref. [2]. On the
other hand, the 1/f noise is measured in the frequency
range 0.1 − 100 Hz, which gives typical values of γ for
the fluctuators contributing to the measured noise. The
high frequency cutoff of the 1/f noise (which may give
rough estimate of γ0) is not known for our qubits. For
rough estimations, we take γ0 = 1 MHz from Ref. [4] and
find that only fluctuators with (∆/ǫ)2 ≈ γ/γ0 ∼ 10
−7 −
10−4 contribute to the measured noise. Note that to have
necessary relationship between the fluctuators and the
two-level system absorbing the qubit energy, distribution
P (∆) ∝ 1/∆ should hold in a very wide range of ∆ from
106 Hz×h or less up to 1011 Hz×h.
Apart from the phenomenology, the most important
question now is what the detailed mechanism of the 1/f
and f noises is. A few microscopic models have been pro-
posed in [15, 16, 18]. Test experiments have to be done to
verify the models. For instance, behavior of the noise as
a function of magnetic field and superconducting-normal
state transition would be important for the theories in-
volving superconductivity.
In conclusion, we have observed T 2 temperature de-
pendence of the low frequency 1/f noise, which supports
the idea that the 1/f and f noises have a common origin.
Typically, the noise spectral density is (10−2e)2(T/K)2/ω
at T > 200 mK and saturates to the level of the order
of (10−3e)2/ω at T < 200 mK. We demonstrated that
free induction decay is consistently explained by dephas-
ing on the low frequency 1/f noise. T 2 dependence of
similar amplitude is observed for two different substrate
materials amorphous Si3N4 and single-crystal GaAs.
We thank B. Altshuler, Y. Makhlin, A. Shnirman, G.
Scho¨n, L. Faoro and L. Ioffe for valuable discussions. This
work has been partially supported by the Japan Science
and Technology Corporation.
[1] Y. Nakamura, Y. A. Pashkin, and J. S. Tsai, Nature 398,
786 (1999).
[2] O. Astafiev, Y. A. Pashkin, Y. Nakamura, T. Yamamoto,
and J. S. Tsai, Phys. Rev. Lett. 93, 267007 (2004).
[3] Y. Nakamura, Y. A. Pashkin, T. Yamamoto, and J. S.
Tsai, Phys. Rev. Lett. 88, 047901 (2002).
[4] G. Ithier, E. Collin, P. Joyez, P. J. Meeson, D. Vion,
D. Esteve, F. Chiarello, A. Shnirman, Y. Makhlin,
J. Schriefl, et al., Phys. Rev. B 72, 134519 (2005).
[5] D. I. Schuster, A. Wallraff, A. Blais, L. Frunzio, R. S.
Huang, J. Majer, S. M. Girvin, and R. J. Schoelkopf,
Phys. Rev. Lett. 94, 123602 (2005).
[6] P. Bertet, I. Chiorescu, G. Burkard, K. Semba, C. J.
P. M. Harmans, D. P. DiVincenzo, and J. E. Mooij, Phys.
Rev. Lett. 95, 257002 (2005).
[7] J. M. Martinis, K. Cooper, R. McDermott, M. Steffen,
M. Ansmann, K. Osborn, K. Cicak, S. Oh, D. Pappas,
R. Simmonds, et al., Phys. Rev. Lett. 95, 210503 (2005).
[8] G. Zimmerli, T. M. Eiles, R. L. Kautz, and J. M. Marti-
nis, Appl. Phys. Lett. 61, 237 (1992).
[9] S. M. Verbrugh, M. L. Benhamadi, E. H. Visscher, and
J. E. Mooij, J. Appl. Phys. 78, 2830 (1995).
[10] V. A. Krupenin, D. E. Presnov, M. N. Savvateev,
H. Scherer, A. B. Zorin, and J. Niemeyer, J. Appl. Phys.
84, 3212 (1998).
[11] F. C. Wellstood, C. Urbina, and J. Clarke, Appl. Phys.
Lett. 85, 5296 (2004).
[12] P. Dutta and P. M. Horn, Pev. Mod. Phys. 53, 497
(1981).
[13] S. Kogan, Electronic noise and fluctuators in solids
(Cambrige University Press, Cambrige, 1996).
[14] A. Shnirman, G. Scho¨n, I. Martin, and Y. Makhlin, Phys.
Rev. Lett. 94, 127002 (2005).
[15] L. Faoro, J. Bergli, B. L. Altshuler, and Y. M. Galperin,
Phys. Rev. Lett. 95, 046805 (2005).
[16] L. Faoro and L. B. Ioffe (2005), cond-mat/0510554.
[17] A. Grishin, I. V. Yurkevich, and I. V. Lerner, Phys. Rev.
B 72, 060509 (2005).
[18] R. de Sousa, K. B. Whaley, F. K. Wilhelm, and J. von
Delft, Phys. Rev. Lett. 95, 247006 (2005).
[19] H. Wolf, F. J. Ahlers, J. Niemeyer, H. Scherer,
T. Weimann, A. B. Zorin, V. A. Krupenin, S. V. Lotkhov,
and D. E. Presnov, IEEE Trans. Instr. Meas. 46, 303
(1997).
[20] M. Kenyon, C. J. Lobb, and F. C. Wellstood, J. Appl.
Phys. 88, 6536 (2000).
[21] To account for the contribution from equal frequency
bands ∆f with weight ∆f/f (log-uniform in frequency)
we take mean value of S(f)f with weight function 1/f
(that is 〈S(f)〉) and normalize by the mean value of 1/f .
[22] Y. M. Galperin, B. L. Altshuler, and D. V. Shantsev, in
Fundamental Problems of Mesoscopic Physics, edited by
I. V. L. et al. (Kluwer Academic Publishers, The Nether-
lands, 2004), pp. 141–165, (cond-mat/0312490).
[23] G. Falci, A. D’Arrigo, A. Mastellone, and E. Paladino,
Phys. Rev. Lett. 94, 167002 (2005).
[24] The echo experiment in Ref. [4] shows that the 1/f noise
has a high frequency cutoff, which is estimated to be 1
MHz. In the case of ω1 ≈ 2pi × 1 MHz, the derived α
1/2
will be only 30% higher.
[25] γ0 can depend on temperature and defines the high fre-
quency cutoff of the 1/f noise, which can be estimated
from measuring spin-echo like signals [4].
